Continuous observations of mass concentration and elemental composition of aerosol particles (PM2.5) were conducted at Tongyu, a semi-arid site in Northeast China in the spring of 2006. The average mass concentration of PM2.5 at Tongyu station was 260.9±274.4 µg m −3 during the observation period. Nine dust events were monitored with a mean concentration of 528.0±302.7 µg m −3 . The PM2.5 level during nondust storm (NDS) period was 111.65±63.37 µg m −3 . High mass concentration shows that fine-size particles pollution was very serious in the semi-arid area in Northeast China. The enrichment factor values for crust elements during the dust storm (DS) period are close to those in the NDS period, while the enrichment factor values for pollution elements during the NDS period are much higher than those in the DS period, showing these elements were from anthropogenic sources. The ratios of dust elements to Fe were relative constant during the DS period. The Ca/Fe ratio in dust aerosols at Tongyu is remarkably different from that observed in other source regions and downwind regions. Meteorological analysis shows that dust events at Tongyu are usually associated with dry, low pressure and high wind speed weather conditions. Air mass back-trajectory analysis identified three kinds of general pathways were associated with the aerosol particle transport to Tongyu, and the northwest direction pathway was the main transport route.
Introduction
Dust aerosol emitted from the wind erosion process in arid and semi-arid regions is an important driving factor on climate change and has received increasing attention in recent years (Tegen et al., 1996; Tegen, 2003; Toon, 1996, 1999; Andreae et al., 2005) . Desert regions in East Asia are considered as the major sources of Asian dust according to the rain-dust records in Chinese historical documents and present-day observations (Merrill et al., 1994; Zhang et al., 2003b; Shen et al., 2005) . Dust plumes frequently cover huge areas of the earth and are one of the most prominent and commonly visible features in satellite imagery (Prospero et al., 1999) . Mineral aerosol particles directly affect the Earth's radiative balance by scattering and absorbing incoming solar and outgoing long-wave energy of terrestrial radiation (Tegen et al., 1997) , which may change the cloud properties by acting as cloud condensation nuclei (Yin et al., 2002; Huang et al., 2006) . In addition, characteristics of dust aerosols may be altered through the interaction with other atmospheric aerosols and clouds as well as via heterogeneous chemistry during dust transport (Xiao et al., 1997; Zhang and Iwasaka, 1999; Shi et al., 2005) . The long distance transport and deposition of dust can also play an important role in biogeochemical cycles in the land and the oceans (Swap et al., 1992; Prospero et al., 2003; Cheng et al., 2005; Han et al., 2004; Wang et al., 2000; Wu et al., 2006) , and high aerosol loading in spring also affect the urban and rural air quality and human health (Harrison and Yin, 2000; Wang et al., 2004) . Though dust aerosols are believed to be very important in climate change, biogeochemical processes and atmospheric chemistry, the importance of dust in these processes is not well understood due to lack of information about the global distribution of dust and its physical, chemical, and mineralogical properties Zhang et al., 2007) .
There exists large arid and semi-arid areas in North China (Fu et al., 2003; Yuan et al., 2004; Wang et al., 2006; Li et al., 2006) , which is a main source of dust aerosols. In recent years, many studies have studied the physical and chemical properties of dust aerosols from the arid and semi-arid source regions in north and northwest China and their characterization of spatial and temporal variation in remote marine regions (Huebert et al., 2003; Iwasaka et al., 2003; Zhang et al., 2003c; Arimoto et al., 2004; Cao et al., 2005; Cheng et al., 2005; Shen et al., 2006a,b) . But the research on the chemical characteristics of soil dust from northeast China is very limited. In this study, dust concentration load and element component of fine aerosol particles (PM 2.5 ) in Northeast China (Tongyu station) were measured and investigated. This would increase our understanding of the load and origin of dust aerosols and provide helpful information on control strategies for desertification in Northeast China.
Method

Aerosol sampling
The Tongyu station for aerosol observation (44 • 25 N, 122
• 52 E, 184 m above sea level) is located to the east of the Horqin sand-land, Xinhua downtown, Tongyu County, Jilin Province (Liu et al., 2004) . The mean annual precipitation is 404 mm in Tongyu. Figure1 shows the location of Tongyu station. There are no major industrial activities surrounding the sampling site. The sampling site is on grassland, 3 m above the ground level. A frmOmni Ambient Air Sampler (BGI Incorporated, USA, www.bgiusa.com) operating with a flow rates of 5 L min −1 on 46.2 mm diameter Whatman quartz membrane filters was used to collected aerosol samples. This kind of sampler is convenient for field observation as it is equipped with a sun energy battery to avoid power failure. Particles with aerodynamic diameter 2.5 µm (PM 2.5 ) were collected daily from 14 April to 23 June 2006. Each sample had a 24-h sampling period from 0800 LST in the morning to 0800 LST in the following morning. A total of 53 aerosol samples were collected in spring and summer 2006 at Tongyu station. During the sampling period, meteorological data, including ambient temperature, pressure, relative humidity, wind speed, and wind direction were also recorded at Tongyu Meteorological station.
Mass and elemental analysis
The aerosol mass concentrations were determined gravimetrically using a Sartorius MC5 electronic microbalance with 1 µg sensitivity (Sartorius, Göttingen, Germany). Before weighted, quartz filters were equilibrated for 24 hours at a constant temperature at 23
• C and relative humidity between 35% and 45%. Each filter was weighted at least three times before and after sampling by a 24-h equilibration. The mean net mass for each filter was obtained by the average post-weight data subtracting the pre-weight. The precision of the weighing were <10 µg for blank filters and <20 µg for filter samples.
The elemental concentrations of PM 2.5 samples were analyzed directly by a proton induced X-ray emission (PIXE) method at the Institute of Low Energy Nuclear Physics, Beijing Normal University (Zhu and Wang, 1998; Zhang et al., 2005) . The PIXE analyses were carried out by 2.5 MeV proton bombardments with a beam of 30-40 nA. All concentrations were corrected for backgrounds from blank filters. Concentrations of 18 elements for each sample were determined, which are S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Br, Sr, Zr and Pb. This PIXE method has been widely used to study the chemical components of aerosol particles in China in recent years (Zhang et al., 2003a; Arimoto et al., 2004; Cao et al., 2005; Zhang et al., 2005; Shen et al., 2007) . (Chung et al., 2003) showed that the average maximum concentration of strong dust storms in 2002 was 166.9 µg m −3 for PM 2.5 . High PM 2.5 concentration was also measured during a heavy dust storm event over a site near the Asian dust source regions, Xi'an on 14 April 2002, which showed PM 2.5 concentration was 740 µg m −3 , 3 times higher than the daily average concentration during the NDS period of 200 µg m −3 . The highest PM 2.5 mass concentration was 399 µg m −3 on 13 April at Tongliao during spring 2005 (Shen et al., 2007) . The comparison reveals that the fine aerosol pollution is very serious in North China, even in arid and semi-arid regions.
Most of the dust storm events at Tongyu were associated with high wind speed and low relative humidity. For example, the observed wind speeds on 16 May (DS6) were 8.6, 10.7, 10.2, and 12.4 m s −1 at 0200, 0800, 1400, 2000 LST (Local Standard Time), respectively. The relative humidity on the highest dust loading days of 17 May (DS6) was 36%, 14%, 10%, and 11% at 0200, 0800, 1400, 2000 LST, respectively. It implies that the occurrences of dust storms at Tongyu are usually associated with dry air, high wind speed weather conditions. This phenomenon was also observed at Tongliao station during the DS period (Shen et al., 2007) .
The lowest PM 2.5 concentration during the sampling period was 22.51 µg m −3 on 9-10 May due to rainfall. Averaged monthly PM 2.5 concentrations were 232.09, 349.36, and 138.42 µg m −3 for April, May, and June, respectively. The PM 2.5 concentration in June was relative lower than those in April and May due to warm weather and the growing of grass in semi-arid areas.
Compared with the dust storm events, NDS conditions with calm or weak wind had a background aerosol loading of 111.65 µg m −3 in the whole spring, which exceeded the American EPA's new PM 2.5 air quality standard of 24 h mean value of 25 µg m −3 and yearly mean value of 10 µg m −3 . This high background loading at Tongyu implies that pollution of fine particles was very serious in Northeast China. Such high background dust loading implies that even in calm days, aeolian dust from arid and semi-arid regions can also be transported to downwind regions by the west or northwest wind. The mass concentration of soil dust can be estimated by summing the concentration of several elements predominantly associated with soil. Here, Fe is used to estimate the upper limit of geological material (Taylor and McLennan, 1985) . The following formula can be used to calculate the dust concentration by elemental concentrations:
where C soil is the calculated soil dust concentration, and C Fe represents the elemental concentration of Fe in PM 2.5 samples. The average soil dust PM 2.5 mass concentration were 217.1 µg m −3 during the DS period, and 40.9 µg m −3 on non-dusty days. It was particularly valuable to assess the contributions of Asian dust (geological materials) generated by wind erosion process to the aerosol particles at Horqin sand-land. It showed that geological mineral dust accounted for 52% of PM 2.5 samples during the DS period, while 30% during the NDS period. The residual of PM 2.5 was assumed to be pollution aerosols and unidentified materials. Our result reflected the significant contribution of anthropogenic sources from the remote upwind regions or south of Tongyu site to the aerosol mass concentration.
Elemental composition of PM 2.5
A major objective of this study is to characterize the elemental composition of aerosol particles at Tongyu station. We calculated the arithmetic mean concentrations of 18 elements, which were shown in Table 1 . Mass concentration of PM 2.5 and all element concentrations in the DS period are much higher than that in the NDS period. Concentrations of dust trace elements such as Ca and Fe are much higher than concentrations of pollution elements such as Pb, S, Se, Zn.
Analysis results of chemical data showed that high elemental concentrations were mainly for the five typical dust elements, which are Ca, Fe, K, Mn, and Ti. The mean concentrations for these elements were 4.21±4.03, 3.49±3.77, 1.56±1.74, 0.087±0.084, and 0.31±0.39 µg m −3 , respectively. The five dust elemental concentrations in PM 2.5 at Tongyu were close to the chemical results for the same size fraction samples collected at Zhenbeitai, an ACE-Asia ground station , in which the mean elemental concentrations for Ca, Fe, K, Mn, and Ti were, 5.2±6.6, 2.5±3.7, 1.5±1.9, 0.06±0.09, and 0.26±0.32 µg m −3 , respectively, and Tongliao (Shen et al., 2007) , in which the mean elemental concentrations for Ca, Fe, K, Mn, and Ti were 3.1±2.6, 3.0±2.8, 2.1±1.5, 0.1±0.1, and 0.2±0.2 µg m −3 , respectively.
Enrichment factor of elements in PM 2.5
The enrichment factor relative to earth upper crust can be used to compare the elemental composition between aerosol samples and crust materials (Taylor and McLennan, 1995) . This method is often used to identify the elements origin from natural source or anthropogenic source. The enrichment factors (EF) for elements were calculated as follows:
where C element is the concentration of any elements, C reference is the concentration of reference element. Air in the numerator referred to the concentration of elements in aerosol samples, while crust in the denominator referred to the element concentration in the upper crust. Typically, Al, Fe, and Si were often chosen as the reference element. The element data of earth upper crust is from Wedepohl (1995) . The enrichment factors of 17 elements were shown in Table 2 . The values of f for Ti, K, Ca, and Mn were in the range of 0.37 to 3 for both DS samples and NDS samples. Therefore, these elements are mainly from crust origin. In comparing with the crust elements, the f values for S, Cl, Zn, As, Se, Br, and Pb were much larger than 5, implying the important contributions of non-crustal materials to these elements. The values of f for pollution element during the NDS are much higher than that during the DS period, implying the Kim et al., 2003 important contribution from the local anthropogenic sources. For example, S, Pb, Cl, and As were strong linked with the coal combustion, Zn and Se were associated with smelt industry, and Br was linked with vehicle emission. However, the values of f for pollution element such as S, Cl, Zn, As, Se, Br, and P, are still much lower than that in urban area, for example, Beijing (Zhang et al., 2003a) . The ratio of dust elements to Fe versus Fe was plotted in Fig. 3 . The ratio of the four dust elements to Fe reached a constant value at high Fe concentration, which represents dust storm events. This result might show the characterization of elemental composition of eolian dust from Horqin sand-land. Table 3 shows the comparison for ratios of Ca/Fe in dust aerosols in Asia. Ratio of Ca/Fe in dust aerosol at Tongyu is lower than that in loess, Zhenbeitai (north desert region), close to that in Tongliao (Horqin Sand-land), but higher than that in Qingdao and Seoul and Gwang Ju of South Korea (downwind regions). In comparing with DS, the ratios (element to Fe) of all elements are more scattered during the NDS period. The ratio (element to Fe) varied greatly during the NDS period at low Fe concentration, implying that most elements were influenced heavily by anthropogenic source during the NDS period compared to the DS. For example, Ca/Fe ratio during the NDS period was scattered and larger than that in the DS period. This abundance of Ca during the NDS period revealed the presence of local pollution aerosol particles that were richer in Ca than desert mineral dusts. For example, cement particles can be released by city construction. This Ca-rich phenomenon during non-dusty days was also observed at Zhenbeitai by Alfaro et al. (2003) . Table 4 gives the ratios of element to Fe in Tongyu in the DS and NSD period.
The relationship between elements and Fe in PM 2.5 at Yongyu was calculated in Table 4 . The correlation coefficient (r) for the dust trace elements (such as Ca, Ti, and Mn) versus Fe ranged from 0.90 to 1.0. The high correlations between these elements and Fe implies the crustal origin of the dust elements. The ratios of 17 elements to Fe were calculated and given in Table 4 .
The mean mass concentration of S in ambient PM 2.5 in spring 2006 at Tongyu was 1.59 µg m −3 , which was in the same level as those monitored in other desert source regions in North China (Zhang et al., 2003b) . The temporal variations of mass concentration and f for S were plotted in Fig. 4 . It shows the highest concentration of S during observation period in 2006 was 2.79 µg m −3 on 17 May. During dust storm events, concentrations of S were higher than that during the NDS period, suggesting dusty air contained higher level of pollution material than non-dusty air. A recent study on a very strong dust storm in Beijing on 20 March 2002 also reported this feature . Other pollution elements such as Cl, Zn, Ar, Se, Br, and Pb were similar to S, showing higher concentrations during the DS period than that during the NDS period. Here we show the mineral dust was mixed with pollution aerosol even in dust storm events in desert regions, as we see high concentrations of S and it enrichment factors were shown in Fig. 4 . From Table 4 , the S/Fe during the DS period was lower than that during the NDS period, which implies that mineral dust mixed with pollution aerosol occurred during the DS period and NDS in desert regions, however, mineral dust was the main component of PM 2.5 during the DS period.
Transport pathway of dust storms at
Tongyu station 24-hour mass back trajectories arriving at 1000 m above ground level (at 0600 UTC) were calculated for Tongyu station using the NOAA HYSPLIT 4 trajectory model to investigate the soil dust transport pathways and origin. During the 19 dusty days of nine dust storm events in spring in 2006, three groups (A to C) of air mass trajectories were identified that passed over Tongyu (Fig. 5) . Group A represents the air mass arriving at Tongyu from northwest, passing through Gobi of northern China and desert regions of Mongolia, dusty days on 22, 23, 28 April, 4, 5, 8, 11, 17, 18, 22 May, and 5, 6 , 7 June are characterized by this pathway. Group B shows the pathway from southwest to Tongyu, only 15 May was associated with this pathway. Another important pathway (Group C) is from northeast to Tongyu, which occurred on the dusty day of 21, 29 April, and 16, 19, 29 May. The ratios of dust elements to Fe for the 19 dusty days reached constant as shown in Fig. 3 , although the air mass transport pathways are different. Therefore, the constant elemental ratio in soil dust at Tongyu provides good signature, which can be used to trace the dust source in downwind regions.
Summary
In this study, the mass concentration and elemental composition of aerosol particles (PM 2.5 ) collected at Tongyu in northeastern China were investigated in spring in 2006. The average mass concentrations of PM 2.5 at Tongyu during the whole spring, the DS period, and the NDS period were 260.9±274.4, 527.97±302.71, and 111.65±63.37 µg m −3 , respectively, which indicates that fine particle pollution was very serious in the semi-arid region in northeastern China during spring period.
Most elemental concentrations in the DS period are much higher than those in the NDS period. Concentrations of dust trace elements such as Ca and Fe are much higher than the pollution elements such as Pb, S, Se, and Zn. The crust elements have the relative lower enrichment factors compared to the pollution elements. The constant element ratio occurred during the DS period, which may represent the elemental characteristics of soil dust in this semi-arid region. For example, the Ca/Fe ratio in dust aerosol at Tongyu is lower than that in loess, Zhenbeitai in the western desert region of China, close to that in Horqin Sand-land, but higher than that in Qingdao, Seoul, and Gwang Ju of South Korea (downwind regions).
Back trajectory analysis shows that there are three pathways to Tongyu during the DS period in the spring of 2006. Air masses from the northwest were the major transport route through which soil dust was transported to Tongyu in the 13 dusty days (68% of the total dusty days).
